ABSTRACT: Ionic liquids (ILs) have attracted great attention, from both industry and academia, as alternative fluids for very different types of applications. The large number of cations and anions allow a wide range of physical and chemical characteristics to be designed. However, the exhaustive measurement of all these systems is impractical, thus requiring the use of a predictive model for their study. In this work, the predictive capability of the conductor-like screening model for real solvents (COSMO-RS), a model based on unimolecular quantum chemistry calculations, was evaluated for the prediction water activity coefficient at infinite dilution, γ w ∞ , in several classes of ILs. A critical evaluation of the experimental and predicted data using COSMO-RS was carried out. The global average relative deviation was found to be 27.2%, indicating that the model presents a satisfactory prediction ability to estimate γ w ∞ in a broad range of ILs. The results also showed that the basicity of the ILs anions plays an important role in their interaction with water, and it considerably determines the enthalpic behavior of the binary mixtures composed by ILs and water. Concerning the cation effect, it is possible to state that generally γ w ∞ increases with the cation size, but it is shown that the cation−anion interaction strength is also important and is strongly correlated to the anion ability to interact with water. The results here reported are relevant in the understanding of ILs−water interactions and the impact of the various structural features of ILs on the γ w ∞ as these allow the development of guidelines for the choice of the most suitable ILs with enhanced interaction with water.
INTRODUCTION
Ionic liquids (ILs) are salts with a low melting point and are composed by bulky organic cations coupled with organic or inorganic anions. 1 The most common ILs are based on imidazolium, pyridinium, quaternary ammonium, or quaternary phosphonium cations, but there is a growing interest in many other classes of salts. Since the pioneering work by Walden in 1914, 2 thousands of ILs with unique structures and properties have been reported. 3 An important feature of ILs is that their physical properties, such as density, viscosity, and surface tension, can be manipulated by properly combining the cation and anion to meet the requirement of specific applications, being so referred to as "designer" solvents. Among several industrial applications foreseen, substantial interest has been devoted in the potential of hydrophilic ILs as, to name a few, drying agent, 4 to break the azeotrope in water−alcohol systems, 5−7 and as absorbent in the absorption−refrigeration (AR) systems. 8−11 Among the heat and mass transfer characteristics that should be pursued for more efficient AR applications, criteria to select a suitable absorbent/refrigerant pair requires contributions from thermodynamics. Besides the solubility issues that must be taken into account, high exothermic dilution and strong negative deviation to ideality are desirable, these being the last possible to quantify calculating the water activity coefficient at infinite dilution. 11, 12 In this way, the lower the γ ∞ is, the higher is the ILs−water interaction in the system, and vice versa. On the basis of this criterion, mixtures with γ w ∞ lower than unity present good absorption capacity and are often associated with exothermic mixing behavior. 12 Thus, the water activity coefficient at infinite dilution in IL, γ w ∞ , plays a crucial role on designing and selecting ILs with enhanced interaction with water molecules.
Rationalization of the design of ILs with desirable properties is one of the most fundamental challenges in IL science. Furthermore, with the introduction of the large number of new ILs as potential absorbent, the problem of fast and efficient evaluation of their usefulness in this particular application emerges. This can be done either using time-consuming traditional laboratorial methods, using novel high-throughput experimental methods, or by combining experimental measurements with an initial prescreening by a predictive model, or computational tools. The latter option has proven to be a powerful tool taking into account the rapidly growing number of ILs that makes an experimental screening unfeasible. 13 Many attempts have been made to model and predict the properties of ILs based on group contribution method, regular solution theory, quantitative structure property relationship (QSPR) method, 14−16 and conductor-like screening model for real solvents (COSMO-RS) method. 14, 17 At this point, the COSMO-RS model developed by Klamt and co-worker is regarded as a valuable method for predicting the thermodynamic properties of pure ILs or in mixtures, providing an unique a priori computational tool for designing ILs with specific properties. 18, 19 This is because the COSMO-RS does not require experimental data, it only requires the structure of the compounds, and therefore, it is applicable to virtually all possible ILs and water mixtures. It should be highlighted that COSMO-RS has already been used to predict γ ∞ of organic compounds 17, 20 and water 21 in ILs. The results suggested that COSMO-RS is capable of giving a priori predictions of the thermodynamics of ionic liquids, which may be of considerable value for the exploration of suitable ILs for practical applications. 17, 20, 21 As part of our work on designing ILs for many applications, in the context of this work the aim is to evaluate the capabilities of COSMO-RS to predict water activity coefficient at infinite dilution. For this purpose, a systematic theoretical analysis of ILs−water thermodynamics and energetic interactions was carried out applying the COSMO-RS model, which involved the following steps: (i) evaluating the capability of COSMO-RS to predict the γ w ∞ , comparing to the available experimental values in different classes of ILs, (ii) analyzing the relationship between the γ w ∞ and the water partial molar excess properties to rationalize and compare the affinity of ILs toward water molecules, and at last (iii) providing a general evaluation of the ILs structure impact toward γ w ∞ , so as to provide guidelines to fine-tune ILs with enhanced interaction with water.
COSMO-RS COSMO-RS
15,16 is a well-established method proposed for the prediction of thermophysical properties of fluids based on unimolecular quantum calculations, being an alternative to the structure-interpolating group-contribution methods. The detail theory of COSMO-RS can be found at the original work of Klamt and co-worker. 18, 19 The prediction of γ w ∞ in the ILs using COSMO-RS consists of two steps. In the first step, the distinct COSMO files were generated for cations and anions using BP functional B88-p86 with a triple-ξ valence polarized basis set (TZVP) and the resolution of identity standard (RI) approximation using TURBOMOLE 6.1 program package. 22 The subsequent calculations consist mainly of statistical thermodynamics and were performed using COSMOtherm. The parametrization BP_TZVP_C30_1301 (COSMOlogic GmbH & Co KG. Leverkusen, Germany), 23 which is required for the calculation of physiochemical data and contains intrinsic parameters of COSMOtherm and element specific parameters, was adopted.
The activity coefficient of component i is related to its chemical potential μ i by
where μ i 0 is the chemical potential of the pure compound i, R is the ideal gas constant and T the absolute temperature. The detail of the COSMO-RS calculation on determining the chemical potential is given in the COSMOtherm User's Manual. 23 In all calculations, ILs were always treated as an equimolar mixture of cation and anion, 24 allowing the study of specific contribution of each counterion. As consequence, predicted γ w ∞ values have to be scaled by a factor of 0.5. 17 In addition, the best predictions were obtained with the lowest energy conformations or with the global minimum for both cation and anion. 25 Thus, in this work, the lowest energy conformations of all the species involved were used in the COSMO-RS calculations.
RESULT AND DISCUSSIONS
With the aim of understanding ILs−water interaction, the knowledge of water behavior in the pure state as well as in mixtures with ILs is fundamental prerequisite information. Therefore, the discussion of the results begins by describing the molecular behavior of water and the type of molecular interactions occurring in the system using COSMO-RS σ-profiles and σ-potentials. This section is then followed by the validation of the COSMO-RS prediction against experimental data reported in the literature so as to evaluate the molecular interaction between water and ILs with the purpose of finding the key factors governing their interaction.
3.1. σ-Profile and σ-Potential of Water. Among many advantages offered by COSMO-RS, 18 it allows to study the behavior of a molecule in both its pure and mixture states. In this way, COSMO-RS model calculates the thermodynamic properties of compound(s) by using the 3D molecular surface polarity distributions resulting from quantum chemical calculations, and the data is easily visualized in the histogram function called σ-profile and σ-potential. 18 For example, Figure  1 presents the σ-profile and σ-potential for the studied solute, ), and hydrogen bond acceptor (σ > 1 e·nm −2 ). The σ-profile of water (cf. Figure 1a ) presents a series of peaks within those three regions, with strong peaks in both the positive and negative polar regions. The high polarized charge at 1.8 e·nm −2 corresponds to the oxygen atom fragment (red colored polar surface of the H 2 O in Figure 1a) , indicating its ability to act as a strong hydrogen-bond acceptor. As consequence, H 2 O is attracted to the hydrogen-bond donor, as seen from the σ-potential (cf. Figure 1b) . On the other hand, the hydrogen atoms fragment presents a peak within the negative region at −1.6 e·nm −2 (blue colored polar surface of the H 2 O in Figure 1a ) specifying its ability to act as a strong hydrogen-bond donor, and consequently showing attraction toward the hydrogen-bond acceptor, as displayed in the σ-potential. This reflects the amphoteric character of the water molecule, with an excellent ability to act both as a donor and an acceptor for hydrogen bonding. 13 This can be used as input to design potential ILs with high affinity toward water molecules. In this way, it is necessary to design ILs that can act as either hydrogen-bond donor or acceptor. However, it can be appreciated that conventional ILs behave mostly as hydrogenbond acceptors, 26 hence as will be shown later, the basicity of ILs plays a major role, and the design must focus on how to create ILs with high affinity toward water molecules.
In addition, a series of small peaks within the nonpolar region leads to a decreasing interaction of water molecules toward nonpolar fragments of the other compound in the mixture. Therefore, for example, increasing the alkyl chain of ILs increases its nonpolar character, and it leads to a decreasing affinity of water molecules toward them.
3.2. COSMO-RS Benchmarking: Activity Coefficient at Infinite Dilution. With an aim to evaluate the predictive capability of COSMO-RS, the predicted γ w ∞ values were compared with experimental data collected from open literature up to February 2014. The name and abbreviation of the ions composing the ILs, for which data are available, are presented in the Supporting Information, Table 1S . To this date, up to 280 experimental data points were found for 53 ILs as listed in Table 2S in the Supporting Information. To assess the performance of COSMO-RS to predict the γ w ∞ , the average relative deviation (ARD) between the experimental and predicted data was determined according to eq 2,
where γ w,exp ∞ and γ w,COSMO-RS ∞ are the experimental and predicted water activity coefficients at infinite dilution in ILs, respectively, and N is the number of available data. The γ w,COSMO-RS ∞ along with the ARD for the studied systems is also given in Table 1S in the Supporting Information. The global ARD of 27.2% indicates that COSMO-RS can predict very satisfactorily the water activity coefficient at infinite dilution in a large variety of ILs. For the system close to ideality, COSMO-RS is able to predict the γ w ∞ close to the experimental value. For example, COSMO-RS predicts very well the γ w ∞ in [NTf 2 ]-based ILs as well as its positive deviation from ideality. Furthermore, COSMO-RS can predict the liquid−liquid equilibrium of a system composed of water and [NTf 2 ]-based ILs. 27, 28 Nevertheless, it is also worth mentioning that, as depicted in Figure 2 − anion) deviation from ideality. This observation can be addressed as either (i) the inability of COSMO-RS to correctly predict the γ w ∞ in very hydrophilic or hydrophobic ILs, thus giving COSMO a room for improvement, or (ii) merely a result of experimental inaccuracy that will be discussed further later.
The large number of the systems available makes a comprehensive study of the influence of the structural characteristic of the ILs on the γ w ∞ possible, allowing us to draw some heuristics for designing ILs with enhanced interaction with water molecules, for example as absorbent in the absorption−refrigeration systems. 29 The influence of temperature and structural factors, such as cation alkyl chain length, cation head, or functional group and anion nature, are analyzed and discussed regarding their impact on γ w ∞ . 3.2.1. Effect of Temperature. Typical trends describing the temperature dependence of water activity coefficient at infinite dilution in ILs are displayed in Figure 3 . The figure presents the experimental data for three different ILs and the predictions using COSMO-RS, displaying different behaviors for the γ w ∞ temperature dependence. A first type is identified for systems presenting water infinite dilution activity coefficients higher than unity (blue colored symbol and line), where their decrease is observed when temperature is increased. In the second type, γ w ∞ slightly increases, and then decreases with increasing temperature (red colored symbol and line). Finally, the third trend represents systems for which γ w ∞ increases with temperature (green colored symbol and line). Worth noticing, the last two types of temperature dependence are observed for systems with γ w ∞ lower than unity, playing a major role in the interactions with water molecules, as will be discussed later. The COSMO-RS predictions capture exactly the same trends for the change of γ w ∞ with temperature. Additionally, the prediction shows a fair quantitative agreement with the experimental data. The temperature dependence of γ w ∞ was correlated using eq 3,
The coefficients a and b along with the determination coefficients R 2 are given in the Supporting Information Table 3 . As shown in Figure 3 , and others throughout this work, the temperature interval is not uniform among the studied ILs. Thus, we used reference temperature, T ref , at 298. 15 K to further discuss and analyze the results. The estimated water activity coefficient at infinite dilution from experimental data at reference temperature, T ref = 298.15 K, calculated with these coefficients are given in the Supporting Information Table 3 .
The features observed on the γ w ∞ −T diagrams are encouraging toward the use of these predictions for the design of ILs, since they allow us to determine the thermodynamic functions, namely water partial excess Gibbs free energy, G̅ m E,∞ ; water partial molar excess enthalpy, H̅ m E,∞ ; and water partial molar excess entropy, S̅ m E,∞ , that will help to explore the different trends observed, aiming to find new knowledge for the design of ILs with enhanced interaction with water molecule. Those thermodynamic functions are associated with the changes that occur when water molecules are transferred to a hypothetical diluted ideal solution where the mole fraction of the solvent, in this case the ILs, is equal to 1 and/or the solute is at infinite dilution. Since the experimental activity coefficients of water in ILs were measured at the infinite dilution, the partial molar excess properties were then estimated using the following equations,
where subscripts p and x indicate isobaric condition and constant composition, respectively. The water excess partial molar enthalpy, entropy, and Gibbs energy estimated from experimental data at T ref = 298.15 K are also given in the Supporting Information Table 3 . The estimated water excess partial molar enthalpy, entropy, and Gibbs energy from COSMO-RS, are given in Table 3 in the Supporting Information, displaying the same tendencies as those estimated from the experimental data. The advantage of using COSMO-RS is that the estimated water partial molar excess enthalpy of each species is, within its framework, obtained as the sum of specific interactions, namely electrostatic/misfit, hydrogen bonding, and van der Waals forces.
As observed in Supporting Information Table 3 , the dissolution of water molecules to the IL phase is enthalpy driven. This finding is opposite to the dissolution of hydrophobic IL molecules in water, which is driven by entropy. 27, 28, 30 Exploring the excess properties of the system displayed in Figure 3 , it can be observed that the [C 4 − anions and water leads to the exothermicity of the mixture, and eventually, the spontaneous dissolution of water in the IL. Furthermore, it has been shown that the binary mixtures composed of water and [C 4 27 Therefore, the temperature-dependency of the activity coefficient of water at infinite dilution in an IL, along with the estimated excess properties and COSMO-RS, can be used as a guideline regarding the miscibility of the ILs−water system, so that it eventually will have an impact on designing ILs with enhanced water absorption capacity.
On the basis of the results described above, besides the activity coefficient at infinite dilution assessment to discuss and interpret water−IL intermolecular interaction, we further evaluated the approach here proposed using the water partial molar excess enthalpy, entropy, and Gibbs free energy estimated from both experiment and the COSMO-RS model. In this work, a critical evaluation of the experimental data was carried out by comparing similar systems, and the symbols and the lines in the figures represent the experimental data and the COSMO-RS prediction calculations, respectively. Nevertheless, it should be highlighted that the experimental data of γ w ∞ in Br-containing ILs is very limited, 21 making it difficult to decide whether this peculiarity is either due to a failure of COSMO-RS or indicative of an irregular and unexpected behavior. More experimental data on γ w ∞ in Brcontaining ILs is required to start to understand the phenomena behind this particular observation.
Moving to Figure 5 , the γ w ∞ in [C 4 ∞ is more influenced by the ILs anion with only a small contribution from the headgroup and alkyl chain length, as will be discussed later. Therefore, for the [C 4 C 1 -X]-based ILs (with X = imidazolium, pyridinium, pyrrolidinium, or piperidinium), the anions can be ranked on the basis of increasing interaction with water as follows:
The trend obtained here is also observed when these anions are coupled with different alkyl chain length and headgroup. Even for the series of ILs that incorporate functional groups such as hydroxyl and alkoxy (cf. Figures 5S and 7S -9S in the Supporting Information, respectively), the same trend of anions and temperature-dependence is also observed.
The partial molar excess properties can be used to further delve into the mechanism behind the dissolution of water in IL. Figure 6 displays the relationship between γ w ∞ and the water Figure 4 . Water activity coefficient at infinite dilutionas a function of temperature for C 4 − anion is much stronger than hydrogen bonding between water molecules, and it eventually leads to an exothermic mixing behavior of this system. Thus, for the ILs located in this region, the exothermic mixing behavior of the H̅ m E,∞ is occurs because anion−water interaction is greater than water−water or IL−IL cohesive energy. Indeed, it can observed that the lower is the water activity coefficients at infinite dilution in the IL, the more negative is the exothermicity of the solute in the solvent, relating to more favorable intermolecular interactions between water and IL with respect to pure compounds. This finding is in agreement with results reported by Iedema. 12 It is, nevertheless, interesting to observe that some exceptions are observed, as depicted in Figure 6 , COSMO-RS indicates that the hydrogen bonding of anion−water is energetically weak and does not overcome the loss of water−water hydrogen bonding upon mixing. Thus, to regain the lost hydrogen bonding network, the water molecules tend to use the energy of the system to reorient themselves. The lower is the entropy change, the easier is the reorientation taking place. Therefore, it also leads to spontaneous solvation of water in these ILs. Alternately, the temperature dependence of γ w ∞ in [P 1(i4)3 ] - [TOS] 31 is quite interesting; the system presents negative deviation from ideality, yet the γ w ∞ decreased (the interaction becomes more favorable) with increasing temperature.
For those water−IL systems setting along the region (III), where γ w ∞ > 1 and naturally G̅ m E,∞ > 0 kJ·mol −1 , no particular affinity between IL and water molecules is observed. The ILs with a highly hydrophobic anion, such as [eFAP] − and [NTf 2 ] − fall within this criterion. Yet again, the hydrogen bonding between anion−water is still the dominant interaction, however not in the favorable way. The highly unfavorable interaction between water and anion in this region, eventually leads to the formation of immiscible solutions. That is, phase separation will be observed by mixing water and these ILs. Therefore, they may find themselves as potential solvents in liquid−liquid extraction from aqueous solution. 32, 33 On the basis of COSMO-RS, the water partial molar excess enthalpy can be further analyzed by the specific interactions arising from the individual ions. It reveals that the hydrogen bonding between anion and water is the major contribution to the total partial molar excess enthalpy of the system. That is, the more negative the contribution of hydrogen bonding of anion and water to the total partial molar excess enthalpy, the higher the interaction of ILs and water, as displayed by their lower γ w ∞ . Accordingly, the ranking of the anion interaction with water based on the partial molar excess enthalpies is the same as that reported above based on the γ w ∞ and thus on the water partial molar excess Gibbs energy. This trend is also identical to that obtained from the solvatochromic parameter β, measuring the hydrogen-bond acceptor ability of the ILs, 34, 35 and with the extended scale for the hydrogen-bond basicity of ILs recently proposed. 36 Thus, as previously observed for the excess enthalpy of the ILs−water mixtures, 26 the γ w ∞ in ILs is dominated by the hydrogen-bond basicity of the anion.
In summary, it can be concluded that the hydrogen bonding between water and the IL anion plays a significant role on the interaction of the ILs with water. It considerably determines the enthalpic behavior of the binary mixtures composed by ILs and water. Those ILs with strong basicity display a high attraction toward water molecules, regardless of the type of cation headgroup. Nevertheless, as will be shown below, the cation headgroup and alkyl chain length, and the incorporation of a functional group also have some influence and, to a lesser extent, can be used further to fine-tune the affinity of ILs toward water molecules. − anion is retained for all studied cation headgroups, allowing the study of the impact of the cation headgroups on their interaction with water. It can be observed that all systems display a similar temperature dependence of γ w ∞ further supporting the idea that the anion plays a major role, while the cation headgroup has a lower influence on their interaction with water. To get a wider picture on the effect of the cation headgroup, the water−[C 6 -iQui][SCN] complex is also considered in Figure 7 , taking into account its small contribution to the γ w ∞ . Herein, it can be observed that the γ w ∞ is the lowest for [C 4 Since all the studied ILs displayed in Figure 7 share the same anion, [SCN], the differences of their γ w ∞ can be attributed to the contribution of their cation head groups. The trend observed here is that the γ w ∞ increases, that is, becomes more unfavorable, from imidazolium to pyridinium, and at last quinolinium, whereas, for the nonaromatic ring, the trend with increasing γ w ∞ is observed from pyrrolidinium to piperidinium. Explicitly, the γ w ∞ increases with increasing number of carbon atoms. In other words, it increases with increasing hydrophobicity of the cation headgroup. As previously mentioned, the water molecule presents a decreasing attraction toward the nonpolar group (cf. Figure 1) . Therefore, the interaction of ILs with water can be increased with a reduction of the hydrophobicity of the cation headgroup. The trend of cation hydrophobicity can also be observed for the other studied ILs, as depicted in Figure 7 (and Figures 10S-12S in the Supporting Information).
In addition to the cation headgroup hydrophobicity, expressed in the previous paragraph, another factor, the cation−anion interaction strength, must also be taken into account for designing ILs with high water−IL interactions. In a previous work, we have performed the analysis of excess enthalpy for the binary mixture composed of water and ILs, and their modeling using COSMO-RS. 26 It was found that the hydrogen bonding strength of cation−water and anion−water determines the enthalpic nature of the systems. Furthermore, the ability of the IL anion to hydrogen bond with the water molecules is also dependent on the hydrogen bonding strength of cation−anion. This cation−anion interaction strength can be accessed by varying the cation headgroup combined with the same anion, as depicted in Figures 7 and 8 − water is thermodynamically stronger than water−water molecules, thus the establishment of new hydrogen bonding between the anion and water depends on the strength of the cation and anion interaction. As example, for the five-member ring of the cation headgroup, water presents a higher affinity toward [C 4 The impact of cation−anion interaction strength toward water solvation in ILs is quite different when the hydrogen bonding between anion and water is weaker than that between water and water, as in the case for the series of [NTf 2 ]-based ILs. In Figure 8 it is observed that water has a higher affinity toward [C 4 2 ] seems to be due to the interaction of the water with the π systems of those two ILs, while no electrons are available for privileged interaction on piperidinium. This is the opposite of what has been observed for the [SCN]-containing anion. Here, the cation headgroup actually "helps" contribute to its interaction with water and is not an obstacle as previously discussed for the [SCN]-containing ILs. This is connected to the fact that generally the magnitude of the cation headgroup effect is more evident when the anion has lower attraction to water.
In addition, it should be pointed out that the COSMO-RS prediction for γ w ∞ in [P 1(i4)3 ][TOS] presents much larger deviations to the experimental data, as depicted in Figure 10S of the Supporting Information. Interestingly, the γ w ∞ −T presents decrement on the γ w ∞ with increasing temperature, even if it possesses γ w ∞ lower than unity. This distinctive behavior may be addressed as either simply experimental error or a different mechanism of water solvation in branching structures that cannot be captured by COSMO-RS. It is known that COSMO-RS fails to correctly predict the mixture behavior whenever branched alkyl chains are present; 26, 37 for example, it fails to describe excess enthalpy of binary mixtures composed by cholinium lactate and water, 28 and vapor liquid equilibria containing ILs and 2-propanol. 79 This result shows that while in general it can provide an adequate estimation of the experimental values of γ w ∞ there is still room for improvement concerning the reliability of COSMO-RS.
3.2.4. Effect of the Cation Alkyl Chain Length. . As observed, an increase in alkyl chain leads to an increase in γ w ∞ , indicating less favorable interactions between water and the ILs, regardless the cation headgroup and anion nature. This behavior can be explained due to an increase in the hydrophobicity of the IL as depicted in Figures 17S and 18S , increasing alkyl chain increase the peak in the nonpolar region that lead to increment of the hydrophobic character. As a consequence, the ILs with a longer alkyl chain present lower affinity toward water molecules. The impact of temperature is highly dependent on the anion nature of the ILs as discussed previously, corroborating the idea that the anion controls their interaction with water. COSMO-RS is able to predict the alkyl chain length and temperature dependency observed experimentally. However, it should be highlighted that although the γ w ∞ increases with the alkyl chain, the increment is rather small, particularly for the ILs with high hydrogen bonding basicity anions, such as [DMP] − depicted in Figure 9 . 3.2.5. Effect of the Cation Functional Group. The effect of cooperating functional groups into the cation chain is displayed in Figure 9 . Here, one of the carbons in [C 4 . The trend is well described by COSMO-RS, despite the overestimation. Nevertheless, the substitution with a polar functional group does not change the temperature dependence of γ w ∞ . The impact of incorporating polar groups into the cations of ILs having high basicity anion γ w ∞ could not be found in the literature. Nevertheless, by using the experimental excess enthalpy and CHelpG Atomic Charge, it is suggested that the introduction of a polar group, namely a hydroxyl cluster on this type of cation, does not increase its hydrogen bonding with water, as shown by Ficke and Brennecke. 38 This can be understood from the preferential association of the anion with the hydroxyl group of the cation, decreasing the anion−water interaction.
3.3. Impact of Cation−Anion Interaction Strength toward IL Interaction with Water Molecule. The knowledge of intermolecular forces is a requisite for understanding IL properties and their affinity toward other molecules, such as water. It determines whether IL anions or ion pairs stick together or interact with water molecules at a given circumstance and is also dependent on the cation and anion. In this section, we discuss the importance of the cation−anion interactions in ILs and their relevance for the properties of these unique fluid materials. Using the COSMO-RS model the interaction energies in the IL, as well as their binary mixture with water, can be split into electrostatic-misfit, hydrogen bonding, and van der Waals forces. In a previous work, using COSMO-RS to predict the excess enthalpies of (IL + water) binary mixtures, 26 we have shown that the interaction strength between the anion and water determines the enthalpy of the system. In this way, the higher is the anion basicity, the stronger is its interaction with water molecules leading to an exothermic mixing behavior. However, the experimental data of excess enthalpy is limited to miscible systems. A broader picture of the anion impact on the interaction of the ILs with water can be drawn from the water activity coefficients at infinite dilution in ILs, as presented in this work. The data ranges from the most hydrophilic [Ac] − to the extremely hydrophobic [eFAP] − with a wide variety of cations as well. Excess enthalpy of (IL + water) and water activity coefficients at infinite dilution in IL, as well as the respective COSMO-RS modeling, converge into the notion that the anion plays a crucial role on IL interactions with water molecules.
Furthermore, the water activity coefficient at infinite dilution in an IL allows us to evaluate the impact of the IL cation, which also depends on the anion. In the first group, for the IL with low basicity anions, such as [NTf 2 ], the cation plays its role as an interaction point with a water molecule. In the second group, for the IL with high basicity anions, the water activity coefficient highly depends on the cation−anion interaction. In terms of the interaction between an IL with high basicity anions and a water molecule, the cation−anion interaction strength can be summarized in the following rule of thumb: For the same anion, the stronger is the cation−anion interaction of a given IL, the weaker is the interaction between IL and water. As mentioned before, the interaction between IL and water is controlled by the anion basicity. To establish new hydrogen bonding between the anion−water molecules, the system must go through a breaking of hydrogen bonding between water molecules and also between the cation and anion. The change of the Gibbs free energy of the system upon mixing is a difference between the final state where the ions (or ion pairs) are interacting with the water molecules and the initial state with pure compounds interacting between them. In this way, if the cation bonds strongly to the anion, it requires a higher energy to break this bond to establish a new hydrogen bond with a water molecule thus decreasing the change of the Gibbs free energy of the system upon mixing, making it less favorable. For example, as depicted in Figure 7 , the strong hydrogen bonding between [C 4 ). This cation−anion interaction strength can definitely be used as a key factor, besides increasing anion basicity, to design an IL with enhanced affinity toward a water molecule. In this way, the target IL can be designed by combining a high basicity anion with a cation so as to have the weakest cation−anion interaction strength. 29 
CONCLUSION
ILs have been extensively studied as promising high performance liquids. With the very large number of possible cations and anions that can be used to form the ILs, finding the best ILs for a given application is not an easy task. Since it is not feasible to experimentally determine all the possible combinations of ILs, a predictive method capable of describing the phase behavior of such systems is of extreme importance. In this work, we have shown that COSMO-RS and its implementation in the program COSMOtherm is capable of giving satisfactory a priori predictions of γ w ∞ in ILs, with a global average relative deviation of 27.2%, which may be of value for designing suitable ILs with . 21 enhanced affinity toward water molecules. In all cases, the basicity of the ILs anion determines the behavior of the IL− water system, with headgroup and its alkyl chain having a minor impact that may be used to fine-tune the interactions. Although some larger deviations were also identified (that can be a motivation for COSMO-RS model improvement toward a better prediction capability) the COSMO-RS method proved to be a useful tool for explaining the impact of ILs structural variations on their interaction with water so as to screen potential ILs with improved water interactions.
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